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: MESSAGE integrated assessment modeling framework A typical model application is constructed by specifying performance characteristics of a set of technologies and defining a Reference Energy System (RES) that includes all the possible energy chains that MESSAGE can make use of. In the course of a model run, MESSAGE determines how much of the available technologies and resources are actually used to satisfy a particular end-use demand, subject to various constraints (both technological and policy), while minimizing total discounted energy system costs over the entire model time horizon . It does this based on a linear Supplementary Information -Fricko et al. (2016) Energy sector water use implications of a 2 °C climate policy 6 programming, optimization solution algorithm. The representation of the energy system includes vintaging of the long-lived energy infrastructure, which allows for consideration of the timing of technology diffusion and substitution, the inertia of the system for replacing existing facilities with new generation systems, clustering effects (technological interdependence) and the phenomena of increasing returns (i.e., the more a technology is applied the more it improves and widens its market potentials). Combined, these factors can lead to "lock-in" effects [6, 7] and path dependency (change occurs in a persistent direction based on an accumulation of past decisions).
As a result, technological change can go in multiple directions, but once change is initiated in a particular direction, it becomes increasingly difficult to alter its course.
Important inputs for MESSAGE are technology costs and technology performance parameters (e.g., efficiencies and investment, variable, and O&M costs). For the scenarios included in this paper, technical, economic and environmental parameters for over 100 energy technologies are specified explicitly in the model. Costs of technologies are assumed to decrease over time as experience (measured as a function of cumulative output) is gained.
For assumptions concerning the main energy conversion technologies see the following references: Riahi et al. [8] , Nakicenovic and Swart [4] , Riahi et al. [2] , and van Vliet et al. [3] . For information on carbon capture and storage technologies specifically, see Riahi et al. [9] . used in all IPCC Assessment reports, dating back to 1990, and its strength lies in its ability to replicate the more complex global climate models that run on supercomputers [15] . For our analysis, we use MAGICC6 in a probabilistic setup [14, 17] that is consistent with the IPCC Fourth Assessment Report, Working Group 1. In this setup, MAGICC probabilistically [17] spans the uncertainties in carbon-cycle [18] , climate system [19] and climate sensitivity [20, 21] of the IPCC AR4. Its response is constrained by historical observations of hemispheric land/ocean temperatures [22] and historical estimates for ocean heat-uptake [23] . With this probabilistic approach, transient exceedance probabilities for each scenario are computed.
Temperature increase relative to pre-industrial values is computed relative to the average temperature between 1850 and 1875.
S2: Inclusion of thermoelectric water use in the MESSAGE model

Review of thermoelectric water use
There are some studies that give a broad overview of impacts of water use in the energy sector (e.g. Williams et al [26] , 2013, Gleick, 1994 [27] ); however, the bulk of water requirements within the energy system are constituted by thermoelectric generation. As a result, the majority of the literature emphasizes quantification of thermoelectric water use. This section presents an overview of thermoelectric water use found in the literature.
Sources and data are summarized in the excel spreadsheet included as a Supplementary Data file. Below, we discuss key characteristics of water use by different energy technologies.
Steam-cycle generation utilize significant amounts of water to produce the steam that drives the electric turbine. The thermal processes accompanying operation of thermoelectric generation also produce a significant amount of waste heat. To maintain operating efficiencies and prevent long-term damage caused by excessive heat, thermoelectric generation must incorporate cooling systems. Water is typically used as the working fluid in the cooling system, providing needed heat transfer capabilities. Different cooling technologies exist, but can be classified into three main types: oncethrough, closed-loop, and air-cooled systems. Once-through cooling technology, as the name suggests, involve passing water through the cooling system once, and then returning the water to its source. Conversely, closedloop systems re-circulate water that is withdrawn. Air-cooled systems rely on air for cooling, and therefore provide an opportunity to reduce energy system reliance on water.
Confounding trade-offs between the cooling technologies exist. For example, significantly more water must be withdrawn in once-through systems as compared to closed-loop, in order to enable once-through systems to continuously provide cooling services. Conversely, the recirculation of water in closed-loop systems results in more evaporative losses, or higher water consumption. Cooling towers are usually needed for the release of the evaporated water, which adds to the cost of closed-loop systems. Differing management practices and environmental regulations for the effluent streams also impacts technology performance. Once-through systems return water to the aquatic environment at much higher temperatures than closed loop systems, which may require development of ancillary cooling ponds to prevent excessive thermal pollution. Although air-cooling provides an opportunity to break the reliance on water, these systems are the most expensive, and operate at lower efficiencies than water-cooled technology.
As a result, air-cooled fossil fuel thermoelectric generators emit more greenhouse gas emissions per unit of fuel than those that are water-cooled.
Hybrid cooling options do exist, and have the potential to overcome tradeoffs between cooling technology types, although hybrid options are the most complicated and have the highest capital costs.
One of the main determinants of a power plant's cooling requirement is its thermal efficiency: the less waste heat produced, the lower the water higher than those of coal-fired power plants [26] . Future high efficiency designs could possibly reach water intensity levels comparable to the current fossil technology level [27] .
Concentrated solar power (CSP) plants function similar to steam turbine power plants, and therefore also require cooling. The lower net steam cycle efficiency of CSP plants in comparison to fossil-fueled steam units result in comparatively higher water intensity [28] . In fact, the water use intensity of CSP systems is comparable to that of nuclear power plants [26] , process. Wet or dry FGD technologies are considered in the coefficients applied in this paper, and can increase the water requirements by approximately 10% [26] . Wet scrubbing is the most common FDG system employed worldwide, making up to 80% of total installed capacity. Dryscrubbers are in fact semi-dry scrubbers of which two main types exist:
spray dry scrubbers and circulating dry scrubbers. Dry systems make up slightly less than 10% of global capacity and use approximately 60% less water than wet FGD systems. Nevertheless, unlike wet FGD systems, all of the water used in the semi-dry scrubbing process is evaporated. Circulating dry scrubbers not only require less water than wet-scrubbers, they also absorb more SO3 as well as oxidized mercury.
Power plants employing carbon capture and storage (CCS) also incur water penalties. For example, with the addition of CCS for PC plants using closedloop cooling systems, water consumption per unit of output increases by 90% [24] . This is due to the fact that the CO2 absorption process requires large amounts of cooling water, therefore creating additional load for the cooling tower. In fact, adding CCS to subcritical and supercritical plants increases the FGD makeup water consumption alone by 40-50% [32] . Adding CCS systems to IGCC and NGCC plants, results in 46% and 76% higher water consumption for plants employing closed-loop cooling systems [24] . 
Representation of thermoelectric water use
The understanding how much freshwater is required by plants even if an aircooled or sea-water fed once-through cooling system is employed. By tracking the different components of water use, we are able to estimate thermal pollution ( − ): the amount of heat ejected from the power plant that is incorporated into the environment.
The diagrams ( Figure S2.1 
Non-thermal generation, fuel processing and resource extraction
Non-thermal electricity generation technologies also require access to water.
Wind turbines and conventional photovoltaic systems need relatively miniscule amounts of water for cleaning purposes. Hydropower plants also consume water resources due to their effect on evaporation [34] . Storage reservoirs increase the water area in contact with the air, resulting in more water lost to evaporation. These requirements are, however, associated with significant uncertainty, mainly due to the wide range in system types. Runof-river type facilities do not typically increase the rate of evaporation above that which occurs naturally. Reservoirs also often serve purposes other than the production of electricity, such as for irrigation supply, recreation or flood control, and that the electricity production may even be limited due to environmental regulations downstream. Rather than completely excluding the water required by hydro-power plants, a suitable compromise suggested is that the fractional water use attributed to hydroelectricity production should be less or equal to the capacity factor, which represents the ratio between the actual power output over a given time period, to the energy that could have been generated were the plant operating at the full nameplate capacity in the same time period.
Apart from the electricity generation processes themselves, resource extraction and fuel and heat generation processes also contribute towards the overall water requirements of the energy system, albeit not being as significant as those of the electricity generation processes. Past literature [35] has not focused as intensively on evaluating these other parts of the energy chain compared to the thermoelectric generation sector, resulting in limited sources giving broader overviews across several technologies within a certain sector.
A summary of the range in water use intensity for each extraction and processing technology observed in the literature is provided in the Supplementary Data file (excel spreadsheet). Figure S3 .1 depicts the baseline cooling technology scenario investigated in this paper. In the alternative scenario, once-through systems for thermoelectric technology are phased out over the 2040 -2060 period, with the affected capacity simulated to transition towards a combination of air and sea water cooling technologies along a linear trajectory. As air cooling affects energy production efficiency, we explore potential tradeoffs with water use by calculating expected impacts on electricity production. The efficiency losses assumed for each technology are estimated from a technical study by the US EPA [37] and provided in Table S3 .1. 
